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Anosmin-1, Defective in the X-Linked Form
of Kallmann Syndrome, Promotes Axonal Branch
Formation from Olfactory Bulb Output Neurons
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only connections of mitral and tufted cell axons with the
olfactory cortex.The physiological role of anosmin-1, defective in the
The molecules controlling the pathfinding of the LOTX chromosome-linked form of Kallmann syndrome, is
axons and the triggering of collateral branches and theirnot yet known. Here, we show that anti-anosmin-1
targeting to the olfactory cortex are largely unknown.antibodies block the formation of the collateral branches
Evidence for short-range positional cues expressed byof rat olfactory bulb output neurons (mitral and tufted
a population of guidepost cells lining the path followedcells) in organotypic cultures. Moreover, anosmin-1
by LOT axons has been obtained using organotypicgreatly enhances axonal branching of these dissoci-
cultures (Sugisaki et al., 1996; Hirata and Fujisawa, 1997;ated neurons in culture. In addition, coculture experi-
Sato et al., 1998). Also, the septum is known to exert a
ments with either piriform cortex or anosmin-1-pro-
repulsive activity on LOT axons in their initial trajectory
ducing CHO cells demonstrate that anosmin-1 is a (Pini, 1993). The Slit2 protein has been proposed to
chemoattractant for the axons of these neurons, sug- mediate this effect (Li et al., 1999; Nguyen Ba-Charvet
gesting that this protein, which is expressed in the et al., 1999), but this issue is still controversial (Hirata et
piriform cortex, attracts their collateral branches in al., 2001; Patel et al., 2001). Finally, in vitro experiments
vivo. We conclude that anosmin-1 has a dual branch- suggest that two of the secreted semaphorins, Sema3F
promoting and guidance activity, which plays an es- and Sema3B, may also be involved in the guidance of
sential role in the patterning of mitral and tufted cell LOT axons (de Castro et al., 1999). In contrast, the mo-
axon collaterals to the olfactory cortex. lecular cues that trigger the formation of the LOT axon
collaterals and their extension toward the olfactory cor-
Introduction tex target are entirely unknown.
A decade ago, the gene underlying the X chromo-
In the developing brain, many connections are formed some-linked form of Kallmann syndrome, KAL-1, was
by collateral branches emerging from a primary axon, identified (Franco et al., 1991; Legouis et al., 1991). This
and most axons, if not all, branch profusely upon arrival disease associates anosmia (a defect in the sense of
to their target territory (O’Leary et al., 1991). The mole- smell) with hypogonadism due to a gonadotropin-
releasing-hormone (GnRH) deficiency (Maestre de San
Juan, 1856; Kallmann et al., 1944; Naftolin et al., 1971).5 Correspondence: nyani@pasteur.fr (N.S.-Y.), cpetit@pasteur.fr
(C.P.) The anosmia has been related to the absence or hypo-
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plasia of the OB and olfactory tracts (de Morsier, 1955). the cell membrane fraction derived from chick cerebel-
lum by heparin or heparitinase treatment (Soussi-Yani-Although the pathogenesis of the disease was expected
to provide an interesting clue to the normal development costas et al., 1996). Under the same experimental condi-
tions, the 100 kDa band detected by anti-humanof the olfactory system, the function of anosmin-1, the
encoded product of KAL-1, has so far remained elusive. anosmin-1 antibodies was released from rat and mouse
OB cell membrane fractions (not shown). Furthermore,In previous studies, we have shown that anosmin-1 is
present in various extracellular matrices during human on tissue sections of developing OB, these antibodies
labeled the same neuronal populations, the mitral cells,organogenesis (Hardelin et al., 1999). During the early
development of the olfactory system, anosmin-1 has in the chick and rat (Figures 1D and 1E). In addition,
these cells in the chick were shown to express Kal-1been detected in the OB anlage, but the expression of
anosmin-1 at later stages of development has not yet mRNA (Figure 1C). Altogether, these data show that both
P34 and P111 polyclonal antibodies, as well as the mAbbeen investigated.
In this study, we examined the distribution of anos- 1-4 monoclonal antibody, specifically detect rat and
mouse anosmin-1.min-1 in rat and mouse embryos during LOT develop-
ment. We found that anosmin-1 is present in the LOT The three antibodies were used to study the distribu-
tion of anosmin-1 during the development of the centraland the olfactory cortex. We therefore analyzed the role
of this molecule in the formation of the LOT and its olfactory system in mouse and rat. At E14 in the rat, the
axons just emerging from mitral cells to form the LOTcollateral branches. Our work provides insight into the
in vivo role of anosmin-1 and the control of the axonal were immunoreactive for anosmin-1; labeling was also
detected in the presumptive olfactory cortex (data notbranching process in the olfactory system.
shown). From E15 onward, anosmin-1 was present along
the LOT as well as in the entire olfactory cortex (FiguresResults
2A–2D). Immunoelectronmicroscopy detected anos-
min-1 mainly in the extracellular matrix of the olfactoryExpression of Anosmin-1 in the Developing
cortex (Figures 2E and 2F). Similar results were obtainedCentral Olfactory System
in the mouse (data not shown).The KAL-1 gene has been conserved throughout evolu-
tion, and orthologous genes have been identified in birds
(Legouis et al., 1993a, 1993b; Rugarli et al., 1993), zebra- Anosmin-1 Controls the Formation of Collateral
Branches from LOT Axonsfish (Ardouin et al., 2000), Caenorhabditis elegans (Gen-
Bank accession number Z81561), and Drosophila (Gen- Since anosmin-1 is present in the developing LOT and
the olfactory cortex when LOT axons send their collat-Bank accession number AE003746). However, the mouse
and rat Kal-1 genes have so far eluded cloning. This eral branches to this area, we investigated a possible
role for anosmin-1 on the development of LOT axonssuggests that these genes are very divergent from
KAL-1, a situation likely explained by their chromosomal and their collateral branches. In the rat, axons begin to
leave the OB by E14, a clear tract is observed by E15,position. KAL-1 belongs to Xp22.3, a chromosomal por-
tion submitted to extensive variations between euthe- and LOT axons start sending collateral branches to the
olfactory cortex by E17 (Pini, 1993; Lopez-Mascaraquerian mammalians and even within primates. Notably, its
telomeric part, the pseudoautosomal region, shows no et al., 1996; de Castro et al., 1999; and present results).
We first analyzed the effect of anti-anosmin-1 antibodieshomology between human and mouse. Moreover, the
only known gene shared by these human and murine on LOT formation in organotypic cultures of whole telen-
cephalic hemispheres taken from an E14 rat (Sugisakichromosomal portions, STS/Sts, has a base composi-
tion highly different in the two species (Graves et al., et al., 1996; Hirata and Fujisawa, 1999). Telencephalons
were cultured in whole mounts in normal medium (n 1998; Salido et al., 1996). Here, we tested whether the
set of monoclonal and polyclonal antibodies that we 18) or in medium supplemented with either purified P111
anti-anosmin-1 antibody (n 16) or S0P111 preimmunehad previously generated against purified human anos-
min-1 and extensively characterized (Soussi-Yanicostas serum (n  8). After 3 days of in vitro culture (3 DIV), the
OB neurons were labeled with DiI. A thick LOT, archedet al., 1996) detect the mouse and rat anosmin-1. Whole-
cell extracts and cell membrane fractions derived from caudo-medially at the surface of the olfactory cortex,
was observed that was identical in the presence or ab-the cerebellum, OB, and liver of E19 mouse and rat
embryos were analyzed by Western blot, using two poly- sence of anti-anosmin-1 antibodies (Figures 3A–3D).
We then analyzed the effect of anti-anosmin-1 anti-clonal (P34 and P111) and one monoclonal (mAb 1-4)
antibodies (Figure 1 and data not shown). These three bodies on the formation of LOT collateral branches in
whole-mount cultures of E17 telencephalic hemispheres.antibodies detected a single band of approximately 100
kDa in the cerebellum and OB extracts of both species In control cultures, DiI-labeled OB axon collaterals were
observed to profusely invade the olfactory cortex in ap-(Figures 1A and 1B and data not shown), i.e., of the same
size as human and chick anosmin-1 in these tissues proximately 80% of the telencephalons (n  21; Figures
4A–4D), while a slightly less profuse innervation was(Soussi-Yanicostas et al., 1996; Hardelin et al., 1999).
We previously reported the absence of anosmin-1 in observed in the remaining cases. This profuse innerva-
tion was also observed in the presence of S0P111 preim-human and chick liver (Soussi-Yanicostas et al., 1996;
Hardelin et al., 1999) and, consistently, this band was mune serum (n  15; Figures 4E–4H). When telence-
phalic hemispheres were cultured in the presence ofnot detected in this organ in either mouse or rat (Figures
1A and 1B, lane 3, and data not shown). Moreover, we purified anti-anosmin-1 P111 antibodies (n  25), the
LOT was well formed, as thick as in controls, andpreviously showed that anosmin-1 can be released from
Anosmin-1 Promotes Axonal Branching
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Figure 1. Anosmin-1 Detection in Rat Embry-
onic Tissues
(A and B) Purified anosmin-1 produced by
CHO cells transfected with the human KAL-1
cDNA (lane 1), crude protein extracts from
human cerebellum at 23 weeks (lanes 2), E19
rat liver (lanes 3), cerebellum (lanes 5), OB
(lanes 6), and brain cell membrane fraction
(lane 4). Both purified P111 polyclonal anti-
body (A) and the monoclonal antibody mAb
1-4 (B) detect a single band of approximately
100 kDa in all extracts tested except liver.
Abbreviation: c.m., cell membranes.
(C–E) Coronal OB sections of chick embryos
at E13 (C) and E18 (D) and of rat embryo at
E19 (E) hybridized with kal-1 antisense RNA
probe (C) or immunostained with purified
P111 anti-anosmin-1 antibody (D and E). In
the two species, the mitral cell layer is la-
beled (m).
Scale bars are equal to 50 m in (C) and (D)
and 100 m in (E).
reached the piriform cortex, but strikingly, it was almost body (n 10), whereas in the presence of S0P34 preim-
mune sera (n 8), the LOT collaterals invaded the olfac-entirely devoid of collateral branches (Figures 4I–4L).
This effect was robust, as it was observed in 92% of tory cortex (data not shown).
Together, these results give no indication of a crucialthe hemispheres tested, while in the remaining cases,
less than three collaterals emerging from the LOT could role of anosmin-1 in the formation and guidance of the
LOT primary axons, but they demonstrate that anos-be detected (data not shown). Similarly, LOT collaterals
were not observed when hemispheres were cultured in min-1 is required for the development of their collateral
branches.the presence of the purified P34 anti-anosmin-1 anti-
Figure 2. Distribution of Anosmin-1 in the Rat
Central Olfactory System
Coronal (A and B) and horizontal (C and D)
rat brain sections at E15 (A and C) and E18
(B and D) were immunostained with purified
P111 polyclonal (A–C) or mAb 1-4 monoclonal
(D) anti-anosmin-1 antibodies.
At E15, anosmin-1 is detected in the mitral
cell layer of the olfactory bulb (OB) (arrow in
[A]), in the lateral olfactory tract (arrowhead
in [C]), and in the olfactory cortex (arrows in
[C]). The same structures are labeled at E18
(B and D).
(E and F) Ultrastructural distribution of anos-
min-1 in an ultrathin parasagittal section of
the olfactory cortex at E18.
(F) Higher magnification of the inset in (E).
Most of the gold particles are associated with
the extracellular matrix (arrows); some are
present at the cell surface (arrowheads).
Abbreviations: m, mitral cell layer; LOT, lateral
olfactory tract; oc, olfactory cortex; n, cortical
neuron nucleus; p, neuronal process; v, vesi-
cle. Scale bars are equal to 170 m in (A), (C),
and (D), 350 m in (B), 330 nm in (E), and
90 nm in (F).
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was 5- and 13-fold higher on anosmin-1 (p  0.001;
Figure 5L) than on laminin and fibronectin, respectively.
These collateral branches had a mean length of 77 
1 m on anosmin-1, i.e., 6- and 8-fold longer than on
laminin or fibronectin, respectively (p  0.001; Figure
5M). To explore further the branch-promoting effect of
anosmin-1, we next examined whether anosmin-1 was
able to induce neurite branching of OB neurons cultured
on a permissive substrate, such as laminin. E17 OB
neurons were grown on laminin-coated plates in a me-
dium with or without anosmin-1 (i.e., supplemented with
culture medium conditioned by anosmin-1-producing
CHO cells or untransfected CHO cells; see Experimental
Procedures). In the presence of anosmin-1, the length
of the longest neurite was unchanged, but both the num-
ber of branches and the length of these branches arising
from the longest neurite significantly increased (p 
0.0001); a 6- and 5-fold increase of the number and
length of the branches, respectively, was observed (Fig-
ures 5E–5H and 5K–5M). Under the same culture condi-
tions, when S0P111 preimmune serum was added, an-
osmin-1 branching-promoting activity was normally
Figure 3. Anti-Anosmin-1 Antibodies Do Not Affect LOT Formation observed (data not shown). In contrast, when purified
Whole-mount telencephalon hemispheres of E14 rat embryos with P111 anti-anosmin-1 antibody was added, anosmin-1
their OBs were cultured in normal medium (A and B) or medium branching effect was no longer observed, although the
supplemented with 50 g/ml of purified P111 anti-anosmin-1 anti- length of the longest neurite was unaffected (Figures
body (C and D). After 3 DIV of culture, telencephalons were injected
5I–5M). These results show that anosmin-1 promoteswith DiI into the OB (asterisks in [A] and [C]). (B) and (D) are higher-
the branching of E17 OB axons. They suggest that themagnification views of the lateral olfactory tract (LOT). The develop-
response to this activity requires an intrinsic maturationment of the LOT (arrow in [A] and [C]) is similar with (C and D) or
without (A and B) anti-anosmin-1 antibody. Scale bars are equal to process of the OB neurons.
540 m in (A) and (C) and 80 m in (B) and (D).
E18 But Not E15 Rat Olfactory Cortex Induces
an Oriented Growth of OB Axons MediatedAnosmin-1 Stimulates Formation of Collateral
Branches from Dissociated OB Neurons by Anosmin-1
Since anosmin-1 is present in the extracellular matrixWe further investigated the branching effect of anos-
min-1 by comparing the morphology of neurites emerg- of the olfactory cortex, we tested the long-range effect
of anosmin-1 produced by the olfactory cortex on theing from dissociated OB neurons cultured on a substrate
of purified anosmin-1 (Soussi-Yanicostas et al., 1996), growth of OB axons. Rat OB were cultured at a distance
(around 200 m) from explants of olfactory cortex,laminin, or fibronectin. The dissociated OB neurons were
cultured at low density on coated coverslips in order mainly composed of the piriform cortex, in three-dimen-
sional collagen gel matrices. When E15 rat OB explantsto permit visualization of the morphology of individual
neurons. The neurons used in these experiments were were cocultured for 2 DIV with piriform cortex explants
from E15 rats (n  87), axons extended from all OBderived from rat OB dissected at either E15 or E17, i.e.,
at the beginning or at the end of the waiting period. explants in a radial pattern (Figures 6A, 6E, and 6F). In
contrast, when the same OB explants were cultured inAfter 3 DIV, the cells were fixed and neurites were immu-
nostained with an anti-neuron-specific class III -tubulin the presence of E18 piriform cortex, axons emerging
from the OB explants (n  69) extended preferentiallyantibody. On each substrate tested, E15 OB neurons
exhibited the same simple morphology with one or two toward the piriform cortex (Figures 6B, 6E, and 6F). To
address the contribution of anosmin-1 to this effect,neurites devoid of collaterals; the neurons growing on
anosmin-1 and laminin were indistinguishable; those explants were cocultured in medium containing either
purified P111 anti-anosmin-1 antibody (n  44) orgrowing on fibronectin had a significant 40% reduction
of their neurite length (data not shown). In contrast, S0P111 preimmune serum (n  41). In the presence of
S0P111, E15 OB axons still grew preferentially towardE17 OB neurons developed a complex arborization on
anosmin-1 (Figures 5A and 5B) but not on laminin (Fig- the E18 piriform cortex explants (Figures 6C, 6E, and
6F). In contrast, in the presence of anti-anosmin-1 anti-ures 5C and 5D). To evaluate the role of anosmin-1
on neurite branching and elongation, we measured the body, the E15 OB axons grew symmetrically, i.e., the
attractive effect of the olfactory cortex was abolishedlength of the longest neurite of each neuron, the number
of collaterals of this neurite, and the mean length of these (Figures 6D–6F). The same blocking effect was observed
in the presence of purified P34 anti-anosmin-1 antibodycollaterals (see Experimental Procedures). As shown in
Figure 5K, the length of the longest neurite was not (data not shown). These observations suggest that an-
osmin-1 secreted by the olfactory cortex acts as ansignificantly different on anosmin-1 and laminin (p 
0.05) but was reduced on fibronectin. In contrast, the attractive factor for OB axons. Furthermore, this effect
is not seen with E15 but with E18 olfactory cortex, whennumber of branches emerging from the longest neurite
Anosmin-1 Promotes Axonal Branching
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Figure 4. Anosmin-1 Controls LOT Axonal Branching
Whole-mount telencephalon hemispheres of E17 rat embryos were cultured in normal medium (A–D), or in media supplemented with S0P111
preimmune serum (E–H) or purified P111 anti-anosmin-1 antibody (50 g/ml) (I–L). After 3 days, the OBs were injected either with a large
amount of DiI (A, B, E, F, I, and J) to label all axon collaterals, or with a small amount of DiI (C, D, G, H, K, and L) to trace only some axons
with their collaterals. Dotted white lines indicate the limits of the LOT (A, E, and I). (B), (D), (F), (G), and (H) are confocal microscopy images.
In the absence of anti-anosmin-1 antibodies, fine collateral branches arise from the side of the primary axons and project toward the olfactory
cortex (B–D, and F–H); in contrast, in the presence of anti-anosmin-1 antibody, the LOT is well formed but devoid of collateral branches (I–L).
(B), (F), (J), and (L) are higher magnifications of the insets in (A), (E), (I), and (K), respectively. Asterisks mark the OBs. Arrows point to branches
from parent axon at the branch point, individually identified under confocal microscopy. No branch point was detected in the presence of
anti-anosmin-1 antibodies (I–L). Scale bars are equal to 70 m in (A), (E), and (I), 40 m in (B), (D), (F)–(H), and (J), 35 m in (C) and (K), and
20 m in (L).
axon collaterals of OB output neurons start entering into E15 OB explants were cocultured at a distance of about
this area. 200 m from untransfected CHO cells (n  44), the
axons that emerged from the OB explants grew in a
symmetrical pattern after 1 DIV (Figures 7D, 7G, andAnosmin-1 Attracts Axons of OB Neurons
7H). In contrast, with anosmin-1-producing CHO cellsTo further test the attractive effect of anosmin-1, we
(n 75), OB axons grew preferentially toward the sourcecocultured OB explants with anosmin-1-producing cells
of anosmin-1 (Figures 7B, 7C, 7G, and 7H). To assess thein three-dimensional collagen gel matrices. OB explants
specificity of this attractive effect, the same coculturesfrom E15 and E17 rat embryos were cocultured either
were performed in the presence of either purified anti-with aggregates of anosmin-1-producing CHO cells or
anosmin-1 antibodies (P111 or P34) or the correspond-with untransfected CHO cells. We verified by Western
ing preimmune serum (S0P111 or S0P34). In the pres-blot analysis that the aggregates of anosmin-1-produc-
ence of either P111 (n  46; Figures 7E, 7G, and 7H) oring CHO cells actually secreted anosmin-1 in the culture
P34 (Figure 7F) antibodies, OB axons preferentially grewmedium (Figure 7A). As previously reported (Rugarli et
in a radial pattern. In contrast, addition of either S0P111al., 1996; Soussi-Yanicostas et al., 1996), three bands
(n  22; Figures 7G and 7H) or S0P34 (data not shown)could be observed in this conditioned medium, the 100
preimmune sera did not disturb the orientated growthkDa band and two bands of 60 kDa and 40 kDa, resulting
from the cleavage of the 100 kDa band (Figure 7A). When triggered by anosmin-1-producing CHO cells. Anos-
Cell
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Figure 5. Effect of Anosmin-1 on Neurite Branching and Collateral Elongation of OB Neurons
OB neurons from E17 rat embryos were cultured on anosmin-1 (anosmin-1) (A and B) or laminin (C–J) as substrate, either without (C and D)
or with (E–J) supplemented conditioned medium. Conditioned medium were obtained from cultures of untransfected CHO (laminin  control)
(E and F), anosmin-1-producing CHO cells (laminin  anosmin-1) (G and H), or anosmin-1-producing CHO cells preincubated with purified
P111 anti-anosmin-1 antibody (50 g/ml) (laminin  anosmin-1  Ab P111) (I and J). OB neurons show a simple morphology on laminin (C
and D) or on laminin with medium conditioned by untransfected CHO cells (E and F). They harbor branches on anosmin-1 substrate (A and
B) or on laminin with medium conditioned by anosmin-1-producing CHO cells (G and H). The branching-promoting effect of anosmin-1 is
inhibited by anti-anosmin-1 antibodies (I and J).
(K–M) Quantification of neurite outgrowth from E17 rat OBs cultured on fibronectin, anosmin-1, laminin  control, laminin  anosmin-1,
laminin  anosmin  Ab P111.
(K) Mean length of the longest neurite.
(L) Mean number of branch points of the longest neurite.
(M) Mean length of neurite branches from the longest neurite.
Abbreviations: NS, not significant; double asterisk, p  0.05; triple asterisk, p  0.0001. Scale bars are equal to 20 m in (A), (C), (E), (G), and
(I) and 7 m in (B), (D), (F), (H), and (J).
min-1-producing CHO cells had no effect on the axons higher in region 2 than in region 3 (p  0.0001) with
anosmin-1-producing aggregates, but not with aggre-outgrowth from E17 explants (data not shown).
Although the results suggest an attractive effect of gates of untransfected CHO cells (p  0.81).
We finally examined whether the chemoattractive ef-anosmin-1, we performed tandem coculture experi-
ments (Ebens et al., 1996) to rule out a growth-promoting fect of anosmin-1 was specific to OB neurons. Explants
of E17 rat dorsal root ganglia (DRG) were cultured ineffect of the molecule. In this assay, two E15 OB explants
were exposed in tandem to aggregates of anosmin-1- the presence of anosmin-1-producing CHO cells (n 
100) or untransfected CHO cells (n 100). In either case,producing CHO cells or untransfected CHO cells. The
length of the axons in the near side of the distal explant DRG axons did not grow toward the aggregate (Figure
7G, and data not shown). Thus, anosmin-1 has a chemo-and the far side of the proximal explants (see Figures
7I and 7J) was quantified; if aggregates secrete a chem- attractive activity with specificity for OB neurons.
oattractive molecule, axons should be longer in region 2
than in region 3 and vice versa if the molecule stimulates
axonal growth (Figures 7I and 7J). The mean values of Discussion
the axon length in regions 2 and 3 were 117  3 m
and 86  3 m (n  59), respectively, in the presence Our results indicate that anosmin-1 is a branching and
chemoattractive factor for LOT axons. Moreover, weof anosmin-1-producing CHO cells, and 66  3 m and
85  3 m (n  27), respectively, with untransfected provide evidence that the response of OB output neu-
rons to anosmin-1 is temporally regulated by two devel-CHO cells. The mean axonal length was significantly
Anosmin-1 Promotes Axonal Branching
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Figure 6. E18 Piriform Cortex Attracts OB Axons
E15 OB explants cocultured in collagen gel next to explants of E15 (A) or E18 (B–D) piriform cortex (PC), in the presence of S0P111 (C) or
P111 anti-anosmin-1 antibodies (D). OB explants were fixed and injected with DiA after 3 DIV. The dotted line delineates the PC explants.
(A) OB axons extend in a radial pattern.
(B and C) They grow preferentially in the direction of E18 PC.
(D) The attractive effect of E18 PC is inhibited by P111 antibodies.
(E) Cocultures were classified as described in Experimental Procedures.
(F) Quantification of the OB axon outgrowth under different experimental conditions. The histograms show the mean ratio ( SEM) of axon
outgrowth in the proximal versus distal quadrant of the OB explants. E18 PC significantly attracts OB axons (triple asterisk, p  0.001), as
compared to E15 PC. This attractive effect in the presence or absence of S0P111 was not significantly different (p  0.5).
Abbreviations: P111, polyclonal anti-anosmin-1 antibodies; S0P111, preimmune serum; OB, olfactory bulb; n, number of explants. Scale bar
equals 200 m (A–D).
opmental processes, the maturation of OB neurons collateral branching. These collaterals form either by
bifurcation of the leading growth cone or, more fre-themselves and the maturation of the olfactory cortex.
quently, by the development of interstitial collateral
branches from the primary axon shaft (O’Leary and Tera-Anosmin-1 Induces Collateral Branching
of LOT Axons shima, 1988). In this case, neurons first send out their
axons toward the primary targets, and after a protractedIn the central nervous system, the connections of a
single neuron with multiple target cells is achieved by waiting period, collaterals bud from primary axons and
Cell
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Figure 7. Anosmin-1 Attracts OB Axons
(A) Western blot analysis of culture medium from anosmin-1-producing CHO cells using purified P111 polyclonal anti-anosmin-1 antibody.
Lane 1, purified human anosmin-1; lane 2, culture medium from anosmin-1-producing CHO cells (CHO-anosmin-1); lane 3, culture medium
from untransfected CHO cells. The 100 kDa, 60 kDa, and 40 kDa bands correspond to the full-length, a N-terminal, and a C-terminal fragment
of the protein, respectively.
(B–H) OB explants cocultured next to aggregates of anosmin-1-producing CHO cells (B, C, E, and F) or wild-type CHO cells (D), in the presence
of either purified P111 (E) or P34 (F) anti-anosmin-1 antibodies. The dotted line delineates the unlabeled aggregate of CHO cells. (B and C)
Oriented growth; (D–F) radial growth. (G) Cocultures were classified as described in Experimental procedures. OB axons but not DRG axons
preferentially grow in the direction of the source of anosmin-1. (H) Quantification of the effect of anosmin-1 on OB axon outgrowth. The
histograms show the ratio ( SEM) of axon outgrowth in the proximal versus distal quadrant of the OB explants. Anosmin-1-producing CHO
cells significantly induce outgrowth of OB axons in their direction as compared to CHO cells (triple asterisk, p  0.001).
(I and J) Tandem configurations of E15 OB explants with untransfected CHO (I) or anosmin-1-producing CHO cells (J). Axonal growth was
quantified in the near side of the distal explant (region 2) and the far side of the proximal explant (region 3) by measuring the length of the
five longest axon bundles in each region (Ebens et al., 1996). The values obtained were significantly higher in region 2 than in region 3 (p 
0.0001), with anosmin-1-producing cells but not with untransfected CHO cells (p  0.81) thus showing the chemotropic effect of anosmin-1.
Explants were labeled with an anti-class III -tubulin monoclonal antibody. Abbreviation: n, number of explants. Scale bars are equal to 120
m in (B)–(F), (I), and (J).
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project toward their final targets (for review see Kalil et the observation that transgenic overexpression of the
al., 2000). The projections of OB output neurons, the C. elegans kal-1 gene in neurons that contain endoge-
mitral and tufted cells, develop according to this delayed nous kal-1 also induces the formation of multiple axonal
axonal branching mode (Hirata and Fujisawa, 1999). branches (Buelow et al., 2002), thus indicating that the
Here, the drastic effect of anti-anosmin-1 antibodies branch-promoting activity of anosmin-1 is conserved
on LOT axonal branching observed in organotypic telen- throughout evolution and is at least partly cell auton-
cephalon cultures suggests that, in the absence of anos- omous.
min-1, LOT collaterals do not invade the olfactory cortex.
Although anti-anosmin-1 antibodies might just induce a Anosmin-1 Is a Chemoattractant for OB Axons
fasciculation of the collateral branches with LOT axons, Both anosmin-1-producing CHO cells and E18 olfactory
careful analysis of anti-anosmin-1 antibody-treated tel- cortex have a chemoattractive effect on E15 OB axons.
encephalons failed to provide evidence for such a pro- This effect is completely blocked by anti-anosmin-1 an-
cess. Therefore, our results strongly suggest that LOT tibodies, thus demonstrating that it is mediated by anos-
collaterals do not form in the absence of anosmin-1. min-1. Most guidance molecules act in a cell type-spe-
Consistently, anosmin-1, either as a substrate or in solu- cific manner and often show a temporally restricted
tion, stimulates the branching of E17 OB axons and response (Pueschel et al., 1996; Zou et al., 2000; Stein
permits the elongation of the resulting branches. The and Tessier-Lavigne, 2001). Similarly, anosmin-1 had no
physiological relevance of these effects is further sup- effect on axons of dorsal root ganglion cells, and E15
ported by the fact that they were only observed with but not E17 OB axons responded to its chemoattractive
E17 but not with E15 OB neurons, thus accurately re- activity. The present results thus suggest that the attrac-
flecting the in vivo situation. Taken together, these re- tive effect of anosmin-1 is mediated by anosmin-1 re-
sults led us to conclude that anosmin-1 promotes ceptors expressed only by some neuronal subpopula-
branch formation of LOT axons. Interestingly, dorsal root tions and at a given stage. They also give support to
ganglion neurons seem insensitive to anosmin-1 (Wang the proposal put forward several years ago that the same
et al., 1999). cue(s) could guide primary axons and control axonal
Little is known about the extracellular molecules in- branching (Heffner et al., 1990; Roskies and O’Leary,
volved in the emergence of axon collaterals and their 1994; Tessier-Lavigne and Goodman, 1996).
subsequent elongation and stabilization (Kennedy and What is the in vivo role of this anosmin-1 attractive
Tessier-Lavigne, 1995, Kalil et al., 2000). The neuro- effect? The results of our whole-telencephalon cultures
trophins brain-derived neurotrophic factor (BDNF) and do not support a role for anosmin-1 in the guidance of
nerve growth factor (NGF) and the guidance molecule LOT axons from the OB to the olfactory cortex. However,
Slit2-N have been implicated in the control of axonal in collagen gel assay, the olfactory cortex has an attrac-
branching (Cohen-Cory and Fraser, 1995; Gallo and Le- tive activity on OB axons. Remarkably, the appearance
tourneau, 1998; Wang et al., 1999). We term anosmin-1 of this activity occurs at E18, i.e., when the OB axons
a “branch-promoting“ molecule since whether it induces invade the olfactory cortex in vivo. Therefore, this
the axon budding, the stabilization of the buds, or the
strongly suggests that the attractive effect observed in
stabilization and/or elongation of minute collaterals re-
vitro on axons emerging from OB explants acts in vivo
mains to be clarified. Whether anosmin-1 directly stimu-
on the collateral branches that bud from these axons
lates the elongation rate of the branches also remains
at E18.to be explored.
Assuming that anosmin-1 is present at the surfaceThe switch of OB neurons from unresponsive to re-
of the branches emerging from LOT axons, how doessponsive to the branch-promoting activity of anos-
anosmin-1 produced in the olfactory cortex attract thesemin-1, between E15 and E17, indicates that neurons
branches? It is worth noting that a similar situation hasundergo a maturation process during the stalling or wait-
already been reported for the guidance of some axonaling period. This neuronal maturation process likely in-
populations (Che´dotal et al., 1998; Brose et al., 1999).volves the acquisition, by LOT axons, of a functional
First, a diffusible cofactor could act together with diffus-membrane receptor to anosmin-1 and/or an associated
ible anosmin-1; this cofactor should be rather ubiqui-signaling pathway. This receptor complex may involve
tous, because it is secreted by the E18 olfactory cortexsome cell surface proteoglycans, as suggested by the
and by anosmin-1-synthesizing CHO cells. Alternatively,binding of anosmin-1 to heparan sulfate glycosamino-
anosmin-1 may only diffuse at a short distance andglycans of the cell membrane (Soussi-Yanicostas et al.,
activate a diffusible attractive factor secreted by the1996). Their characterization and their spatiotemporal
olfactory cortex and the anosmin-1-synthesizing CHOdistribution will shed light on the mechanisms control-
cells. Finally, different isoforms of anosmin-1 could beling branch formation.
expressed on LOT axons and in the olfactory cortex.It is noteworthy that the axons of OB output neurons,
Both E15 and E18 piriform cortex express anos-which respond to anosmin-1, and olfactory cortex also
min-1, but only the E18 piriform cortex displays an at-express this protein, suggesting that an autocrine mech-
tractive activity for OB output neurons. This suggestsanism may underlie the branching activity of anos-
that some factors present in the olfactory cortex modu-min-1. A notable example of autocrine stimulation has
late the chemoattractive activity of anosmin-1. Along thebeen provided by the elongation of sympathetic neurons
line of the above-discussed mechanism of anosmin-1promoted by hepatocytic growth factor (HGF; Yang et
chemoattraction at early stages, the absence of an oth-al., 1998). Likewise, dorsal root ganglia express Slit2,
erwise ubiquitous cofactor or a posttranslational modifi-and the protein is a branching factor for their axons
(Wang et al., 1999). Of much interest in this regard is cation of anosmin-1 might be involved. Alternatively,
Cell
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In Situ Hybridizationrepellent molecules may be secreted by the E15 olfac-
Conditions are detailed in Legouis et al. (1993a).tory cortex and balance the attractive effect of anos-
min-1. Finally, some ECM components, such as pro-
Immunohistochemistry
teoglycans, which have a developmentally regulated Brains from E14 to E18 rat embryos (five embryos for each stage)
expression in the central nervous system (Herndon and were processed for immunocytochemistry as previously described
Lander, 1990), may bind to anosmin-1 at early stages. (de Castro et al., 1999). Brain sections, 20–30 m, were immunola-
beled with either P34 or P111 at a 1:500 and 1:2000 dilution, respec-Heparan or chondroitin sulfate glycosaminoglycans
tively, or mAb 1-4 monoclonal antibody at 10 g/ml. The specificityknown to interact with anosmin-1 (Soussi-Yanicostas et
of staining was checked by preabsorption of recombinant proteinal., 1998) may restrict its diffusion.
(50–100 g/ml) to the antiserum and/or substitution of preimmune
serum for immune serum.
The Pathogenesis of the X-Linked Form
Immunoelectron Microscopyof Kallmann Syndrome
Immunoelectron microscopy was performed as previously de-
The absence of LOT branches will result in anosmia and scribed (Hardelin et al., 1999), using P111 anti-anosmin-1 serum
thus, in itself, may explain the olfactory deficiency in and the corresponding preimmune serum (S0P111) as a negative
control.Kallmann syndrome patients. It may also account for
the absence of OB in these patients, provided that the
Guidance Assayslack of LOT arborization leads to an involution of the OB.
Olfactory bulb (OB) explants from E15 rat embryos were culturedHowever, some previous observations are evocative of
as previously described (de Castro et al., 1999). Some OB explants
an additional defective process occurring earlier in were also cultured in tandem configurations (Ebens et al., 1996).
development, namely when the axons of olfactory re- Dorsal root ganglia (DRG) were dissected from E17 rat embryos
ceptor neurons connect to the developing forebrain (Messersmith et al., 1995); 250–350 m explants were used for co-
culture experiments. Explants from the rostral part of the olfactory(Schwanzel-Fukuda et al., 1989). Since the GnRH-syn-
cortex, comprising essentially the piriform cortex, were taken at E15thesizing neurons use the axons of olfactory receptor
and E18. Aggregates of control or anosmin-1-producing CHO cellsneurons as guides to reach the brain, their migration
were prepared as described (de Castro et al., 1999).
failure has been suggested to result from the absence All explants and aggregates were embedded in rat tail collagen
of primary contacts between olfactory axons and OB gel, cultured for 1–2 DIV, fixed, and processed as previously de-
anlage. Thus, in line with the properties of anosmin-1 scribed (de Castro et al., 1999). Alternatively, axons were labeled
with DiI (1,1-dioctadecyl-3,3,3,3-tetramethylindocarbocyaninedescribed here, we propose that anosmin-1 present in
perchlorate) or DiA (4,4-dihexadecylaminostyryl-N-methylpyri-the presumptive OB area (Hardelin et al., 1999) exerts
dinium iodide) (Molecular Probes).an attractive effect on the axons of olfactory receptor
Quantification of axon projections from the OB explants was car-
neurons in the ultimate part of their trajectory. Finally, ried out as previously described (de Castro et al., 1999). After
anosmin-1 is expressed by other neuronal populations -tubulin immunolabeling or DiI staining, randomly taken samples
(Soussi-Yanicostas et al., 1996; Hardelin et al., 1999) were blindly quantified for neurite outgrowth by two independent
examiners. The surface covered by the neurites growing from theand thus could play a role in the axonal guidance and/
explant was measured in the proximal and distal quadrants withor branching of these neurons, thereby accounting for
respect to the cell aggregate, using the Metamorph software (Uni-the other neurological symptoms detected in X chromo-
versal Imaging Corporation). For assays with a single OB explant,
some-linked Kallmann patients (Schwankhaus et al., the results are expressed as a ratio of axonal outgrowth in the
1989; Krams et al., 1999). proximal versus distal quadrant of the explant. In addition, a semi-
quantitative analysis of the cultures was blindly performed by two
independent examiners where each experiment was classified asExperimental Procedures
attractive (axons at least 2-fold longer in the proximal than in the
distal quadrant), repulsive (axons at least 2-fold smaller in the proxi-Animals
mal than in the distal quadrant), or radial (axon lengths differing byWistar rats (Janvier, France) were used. Embryonic day 0 (E0) was
less than 2-fold in the proximal versus distal quadrant). The tandemdetermined by vaginal plug detection. Fertilized eggs were incu-
experiments were quantified as described by Ebens et al. (1996).bated at 38	C. Developmental stages were defined in days of incuba-
tion (ED).
Organotypic Cultures
Organotypic cultures of the central olfactory system were performed
Cells as reported previously (Hirata and Fujisawa, 1999). To visualize the
Parental CHO cells and transfected CHO cells producing anos- OB projections after 3 DIV, hemispheres were fixed in PFA-PBS at
min-1 (clone 2.3d11) (Soussi-Yanicostas et al., 1996) were cultured 4	C, injected with DiI into the OB. Labeled axons were observed
in 5% FCS-supplemented DMEM. under epifluorescence and confocal microscopy.
Function-Blocking ExperimentsAntibodies
For function-blocking experiments, either purified P111 or P34 poly-Three anti-anosmin-1 immunoreagents, rabbit P34 (Soussi-Yanicos-
clonal anti-anosmin-1 antibodies (50 g/ml) were added to the cul-tas et al., 1996, 1998) and P111 immune sera and a monoclonal
tures or preincubated with conditioned medium. For control experi-antibody, mAb 1-4, raised against the purified human anosmin-1,
ments, S0P111 and S0P34 were used.were used. The anti-anosmin-1 polyclonal antibodies were purified
by immunoaffinity.
Primary Cultures of Olfactory Bulb Neurons
and Quantification of Neurite Outgrowth
The rostral one-third of the OB was incubated for 5 min at 4	C inWestern Blotting
Western blot analysis was performed as previously described 1 mM EDTA, then dissociated for 10 min at 37	C in 0.25% trypsin.
Trypsin activity was stopped with 20% FCS in PBS, and tissue(Soussi-Yanicostas et al., 1998). Polyclonal antibodies (P34 and
P111) were used at 1:10,000 dilution and the monoclonal antibody dissociation was achieved in the presence of 50 g/ml DNase by
trituration with a fire-polished Pasteur pipette. Dissociated OB neu-(mAb 1-4) at 5 g/ml.
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rons (4 
 103 cells in 0.15 ml) were laid onto substrate-coated cov- Franco, B., Guioli, S., Pragliola, A., Incerti, B., Bardoni, B., Tolonrenzi,
R., Carrozzo, R., Maestrini, E., Pieretti, M., Taillon-Miler, P., et al.erslips and grown in DMEM/HamF12 (1/1) supplemented with N2
additive. The coverslips were precoated with 100 g/ml poly-L- (1991). A gene deleted in Kallmann’s syndrome shares homology
with neural cell adhesion and axonal path-finding molecules. Naturelysine overnight at 37	C, washed with PBS, and coated with purified
anosmin-1 (3 g/ml), or control substrates (laminin and fibronectin). 353, 529–536.
Culture medium conditioned by anosmin-1-producing or untrans- Gallo, G., and Letourneau, P.C. (1998). Localized sources of neuro-
fected CHO cells was harvested after 3 DIV, concentrated 10-fold trophins initiate axon collateral sprouting. J. Neurosci. 18, 5403–
(Centricon 30), and added (1:1 final) to N2-containing DMEM/ 5414.
HamF12. After 3 DIV, cells were fixed with 4% PFA in PBS, immuno-
Graves, J.A.M., Wakefield, M.J., and Toder, R. (1998). The origin
stained with the neuron-specific monoclonal antibody directed
and evolution of the pseudoautosomal regions of human sex chro-
against class III -tubulin, and photographed under fluorescence
mosomes. Hum. Mol. Genet. 7, 1991–1996.
microscopy. On the scanned photographs, neurite length was quan-
Hardelin, J.-P., Julliard, A.K., Moniot, B., Soussi-Yanicostas, N.,tified using a Visiolab 100 software package (Biocom, France). For
Verney, C., Schwanzel-Fukuda, M., Ayer-Le Lie`vre, C., and Petit, C.each experimental condition, quantification was obtained from mea-
(1999). Anosmin-1 is a regionally restricted component of basementsurements of 30 isolated neurons; three experiments were quan-
membranes and interstitial matrices during organogenesis: implica-tified.
tions for the developmental anomalies of X chromosome-linked Kall-
mann syndrome. Dev. Dyn. 215, 26–44.Statistics
Heffner, C.D., Lumsden, A.G., and O’Leary, D.D. (1990). Target con-Data were analyzed using either ANOVA tests when more than two
trol of collateral extension and directional axon growth in the mam-groups were compared against one another, or by Student’s t test
malian brain. Science 247, 217–220.or paired t test when specific differences between two groups were
studied. Statistical threshold for significance was p  0.05. Herndon, M.E., and Lander, A.D. (1990). A diverse set of develop-
mentally regulated proteoglycans is expressed in the rat central
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